In the present work, thin ZnO layers were synthesized by the sol-gel method with subsequent spin-coating on Si(100). We show that the detailed analysis of lab-recorded photoemission spectra in combination with Kelvin probe data yielded the work function, ionization energy, and valence band -Fermi level separation -and hence enabled the construction of band diagrams of the examined layers. With small modifications in preparation, very different films can be obtained. One set shows a homogeneous depth-dependent n carrier distribution, and another a significant carrier concentration gradient from n-type conductivity to almost metal-like n + character. Likewise, the surface morphology can be tuned from a uniform, compact surface with spherical single-nm sized grain-like features to a structured surface with 5-10 nm tall crystallites with (002) dominating crystal orientation.
Introduction
ZnO is a wide-gap semiconductor with optical transparency in the visible range. The optical and electronic properties of ZnO thin films resulted in applications in electronic and optoelectronic devices such as transparent conductors, 1-3 solar cell windows, [4] [5] [6] ultraviolet lasers, 7 gas sensors, 8, 9 refractive index sensors, 10 light emitting diodes, 11, 12 and surface acoustic wave devices. 13 As n-type semiconductors, ZnO layers could also be a good candidate for dye-synthesized solar cells 14 or for use in hybrid inorganic-organic electronic devices. 15, 16 Due to the vast range of applications, numerous ZnO film preparation techniques have been employed, such as chemical vapor deposition, 17, 18 ion beam deposition, 19 molecular beam epitaxy, 20 magnetron sputtering, [21] [22] [23] atomic layer deposition 24 or laser pulse deposition. 25 All the above-mentioned methods resulted in well-established ZnO films with structure and properties more or less tuned to the desired application. However, the disadvantage of these methods is that they require advanced expensive setups.
Alternatives include electrochemical growth, 26 or corrosion processes. 27 Another relatively cheap method is based on a sol-gel process. Particularly studies of colloidal ZnO nanocrystals were extensively performed previously in terms of the crystallite size and luminescence-controllable synthesis. 28, 29 Only few studies have been recently devoted to the optical and structural characterization of the sol-gel derived ZnO thin films. In most cases the sol-gel technique is followed by another uncomplicated process which is spin-coat deposition. [30] [31] [32] The authors focused on the influence of the growth conditions on the physical properties of ZnO thin films. Hence, a number of questions arose together with the expansion of knowledge on this topic. The electronic structure considerations or problems of ambipolar doping are discussed only in chosen studies (e.g. ref. 11 and 12) . Nevertheless the zinc oxide thin film energy structure is still not fully revealed. Especially for photovoltaic applications, the mutual influence of the morphology and chemical composition on the electronic properties is crucial.
For instance, understanding the role of native point defects (like vacancies) or the nature of impurities is a milestone on the way to control the properties (e.g. conductivity) of ZnO layers. 33 By controlling the properties of the material one can easily tune the performance of the device under development; hence a deeper understanding of the ZnO internal structure is essential. 34 In the present work we focus on the comprehensive characterization of ZnO layers, obtained by a sol-gel technique, designed for bulk heterojunction inorganic-organic excitonic solar cells. The intended application requires a surface morphology such that in combination with phthalocyanine-based organic semiconductors, the ZnO layer should create a bulk heterojunction. According to our last studies on copper and iron phthalocyanines, 35, 36 the surface should be moderately developed for such applications, with roughness in the range of a few nm in such a manner that the incoming organic molecules could easily penetrate the outer ZnO surface creating a bulk interdigitated structure. Because of the exciton mean free path (which ranges from B7 nm up to B30 nm depending on the material 37 ), the overall thickness of such a created p-n junction should not exceed 15-30 nm.
The main aim of this work is to use laboratory-based photoemission techniques to construct a band diagram of ZnO sol-gel layers. Furthermore, information on the morphology is required, which is obtained by scanning probe and scanning electron microscopy.
Experimental details

Sample preparation
Silicon(100) wafers (SiMat) (n-type, p-doped, 5-10 O cm) were used as substrates. The wafers were cleaned in an ultrasonic bath by sequentially soaking them in acetone, isopropanol, and de-ionized water for 15 min per cycle. Then, the wafers were blown with nitrogen and dried in a furnace at 110 1C for 30 min.
ZnO sol was synthesized by dissolving zinc acetate in ethylene glycol at 0.5 M. The solution was stirred and heated to 70 1C. Then, ethanolamine (MEA) was added drop-wise. The sol was further stirred at 70 1C for 30 min and left for aging for 12 h. All reagents were purchased from VWR and used as received.
Spin-coat deposition (spin-coater P6700, Specialty Coating Systems Inc.) was done in cycles. Spinning was conducted at 500 rpm for 2 s, 2000 rpm for 1 s and 6000 rpm for 29 s. Before spinning, the entire substrate surface was covered with the solution. After deposition the samples were dried in air for 10 min at 110 1C. After the desired number of cycles, samples were annealed in a tube furnace at 350 1C for 4 h in an ambient atmosphere.
Within this work, we report experiments conducted with samples after four deposition cycles (denoted as ''4c''), and samples after a single cycle (denoted as ''1c'').
Experimental techniques
Surface topography was investigated by atomic force microscopy (AFM) and scanning electron microscopy (SEM). Non-contact mode AFM investigations were done on a VEECO Nanoscope IV using Al-coated Olympus OMCL-AC160TS-R3 tips (resonant frequency 300 kHz, force constant 2.1 N m À1 ). AFM data were quantified using Gwyddion. The images were leveled and filtered. Quantitative analysis used Gwyddion built-in algorithms. 38 SEM images were taken using a Carl Zeiss LEO 1550 VP microscope combined with an in-lens detector (working distance 3 mm, ETH voltage 10 kV). For elemental analysis and basic chemical characterization of the sample, energy-dispersive X-ray spectroscopy (EDX; Oxford Instruments) was applied, with a setup integrated into the SEM.
X-Ray diffraction (XRD) was conducted using a Bruker-AXS D8 with a Cu-Ka source.
Surface chemical composition was examined using X-ray photoemission spectroscopy (XPS), combined with Ar + ion etching steps for depth profiling on a Physical Electronics PHI Quantera II spectrometer equipped with an Al-K a microfocused (using a quartz crystal monochromator) source with a photon energy of 1486.74 eV and a dual-beam charge neutralizer. The pass energy was set to 140 eV for the survey spectra (energy step 0.2 eV) and 26 eV for recording the individual core level spectra (energy step 0.05 eV). The XPS system base pressure was 2 Â 10 À8 Pa. All XPS spectra were recorded at a take-off angle of 451.
The etching rate (spot size 2 mm Â 2 mm; U = 1 kV) was kept at 3.7 nm min À1 . The binding energy was calibrated to Au 4f 7/2 (84.0 eV). 39 XPS data were analysed by curve fitting using CASA XPS software. Each peak was represented by a sum of Gaussian (70%) and Lorentzian (30%) lines, while the secondary electron background was subtracted utilizing the Shirley function. Where necessary, peaks were resolved with spin-orbit multiplets. The full width at half maximum (FWHM) of the same components was allowed to vary within a narrow range. We used the lowest possible number of components to fit the data satisfactorily, i.e. to obtain acceptably low residual values. The estimated uncertainty for particular component position determination in XPS measurements was within 0.05 eV. Quantitative analysis, including component ratio determination, was done using CASA XPS embedded relative sensitivity factors (RSF) and algorithms.
Ultraviolet photoemission spectroscopy (UPS) measurements were done using the SPECS PHOIBOS 150 analyzer. Excitation was performed using the 21.22 eV He I line of a He discharge lamp. He I b and He I g satellites were numerically subtracted from the recorded spectra. 40 The estimated uncertainty was 0.05 eV for the obtained work function and 0.07 eV for the ionization energy.
Spectroscopic ellipsometry was used to estimate the deposited zinc oxide thickness. Measurements were conducted using a Sentech Instruments SE 800 spectroscopic ellipsometer working in the wavelength range 350-810 nm (1.55-3.55 eV) at angles of incidence from 551 to 701 in 51 steps. Analysis was performed using the instrument's software, using a Si substrate/Si oxide/ZnO/air multilayer Cauchy model with parameters implemented in the software. The silicon oxide thickness was determined before deposition of ZnO to be 2.5 nm.
Surface potential scans were performed on a commercial scanning Kelvin probe (SKP) system (Wicinski -Wicinski GbR, Wuppertal, Germany) with a 100 mm NiCr tip in a dry nitrogen atmosphere. Before experiments, the probe potential was calibrated against a Cu/CuSO 4 reference and against Au plates.
Results and discussion
Surface topography and structure
Before proceeding to a detailed electronic structure determination of the ZnO films, the films where characterized by a number of analytical techniques.
Ellipsometric determination of the layer thickness yields values of B22 nm (1c) and B29 nm (4c). Increasing the number of deposition cycles hence increases the thickness only slightly, due to dissolution of the previously deposited sol before annealing.
AFM measurements ( Fig. 1 ) of the annealed ZnO layers show the surface with uniformly distributed small spherical grains. The estimated RMS surface roughness is 1.4 nm (1c) and 2.8 nm (4c), hence it increases with increasing film thickness. The roughness of the Si wafer substrate was o0.4 nm. Fig. 1 clearly exhibits that an increase in the number of deposition cycles is accompanied by an increase in the grain diameter. The control experiment conducted for silicon substrates revealed the RMS roughness to be below 0.25 nm; hence it should not have an impact on the layers' topography.
The estimated grain diameter determined from profiles is 25-30 nm for sample 1c and 50-75 nm for sample 4c ( Fig. 1c and d, respectively). An interesting feature present in the 4c ZnO layer is uniformly distributed ''column-like'' crystallites protruding from the sample surface. Their height is estimated to be 10-15 nm. Such protruding crystallites are not visible for thinner samples. The grain coarsening with increasing number of deposition cycles is confirmed by SEM images shown in Fig. 2 .
The SEM images also confirm the existence of ''column-like'' crystallites in the case of 4c samples, and a more homogenous surface with a uniform crystallite distribution in the case of the 1c sample. The ''column-like'' structure is a direct consequence of the partial dissolution of the previously deposited sol layer for multiple deposition cycles.
XRD measurements ( Fig. 3) show two strong reflections at 56.21 and at 34.51. The first one can be attributed to some amorphous compounds that did not convert to crystalline ZnO or to the (311) base silicon substrate 41 while the latter is the reflection originating from ZnO(002) crystallites. 42 
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Scherrer's formula 43
was used for estimation of the volume mean crystallite size. In the above formula, L is the mean crystallite diameter, K s a shape-dependent constant (considered as close to unity, here K s = 0.9 42 ), l the X-ray wavelength (0.154 nm), b 0 the full width at half maximum (FWHM) of the peak under consideration (in radians) and y the corresponding Bragg angle. The estimated volume crystallite size in the case of the layers ranges from 10 nm for sample 1c to 15 nm for sample 4c. In agreement with microscopic experiments, the crystallite size is larger for the sample with higher number of deposition cycles. Actual numbers derived from XRD are lower compared to AFM, because of the different averaging. As a result, application of several sol deposition cycles leads to roughening of the surface because of an increase in individual grain size, at a moderate increase in layer thickness. At the same time, modification of the overall morphology is observed.
Photoemission studies
3.2.1 Chemical composition analysis. Application of XPS stepwise ion etching allowed for the determination of surface and depth-dependent chemical composition of examined ZnO layers. Fig. 4 shows survey spectra recorded for several chosen steps of ion etching. ZnO-related energy regions are well visible, i.e. Zn (2p, 3s, 3p, 3d), Zn LMM and O 1s. Carbon contamination can be monitored in the C 1s region. With increasing depth, the substrate peaks (Si 2p and Si 2s) become more pronounced, while those originating from ZnO diminish. The XPS spectral line assignment was based on the LaSurface 44 database.
Carbon could be present in the samples as residuals from the preparation, or as a surface contaminant. C 1s energy region analysis (not shown) revealed that over 90% of carbon contamination is present on the sample's surface. In the interior of the film only trace amounts of carbon are detectable.
This indicates that the prolonged annealing process is sufficient to remove the residual solvent from the film. Also substrate surface carbon contamination does not play a significant role as analysed in substrate XPS control measurement before ZnO layer deposition.
The chemical state of the examined oxide layer is examined in two ways. First, the Auger parameter a is evaluated and analyzed. 45 Secondly, standard main oxygen (O 1s) and zinc (Zn 2p) regions are analyzed quantitatively. The evaluation of the Auger parameter a involves a method in which the differences in bonding negativity according to Pauling theory 46 are calculated. The chemical state of examined species is determined from the energy difference between a representative XPS peak and a suitable Auger peak. The Auger parameter a is defined as: 47
where E K (jkl) is the kinetic energy of the Auger transition jkl and E B (i) is the binding energy of an electron at atomic level i. In our case, the Zn 2p 3/2 and Zn LMM should be considered. A lower a indicates a lower electron density at the atom, i.e. a higher oxidation state. Fig. 5 shows the a-parameter of the 4c sample determined for different ion etching depths. The inset presents an example of the Zn LMM Auger peak for the non-etched 4c sample surface. The general trend of the data is marked by the fitted polynomial line. It is easy to see that there are significant differences between the surface layer and the film. A higher oxidation state near the surface is expected, as the surface is in contact with the ambient atmosphere in the annealing and also prior to XPS measurements. A decrease of the a-parameter is also detected near the ZnO/ substrate interface. This decrease may originate from the influence of the substrate oxide film. 48 More details can be obtained from an analysis of the O 1s and Zn 2p regions. Fig. 6a presents the O 1s intensity as a function of etching depth. The overall peak consists of at least three components, from which only two are detectable at one time. The inset of Fig. 6a shows two components of the O 1s peak recorded for the Fig. 6b .
The data presented in Fig. 6b for sample 4c show that the Zn/O ratio increases from the value of 1.7 up to 2.1 (estimation uncertainty 0.06) at B10 nm depth, then it stabilizes up to B18 nm and then it decreases monotonically until the ZnO/ substrate interface. For the 1c sample, the Zn/O ratio starts at B1.80 at the surface, and slightly increases to B2.00 for a depth less than 3 nm. It remains stable up to B14 nm and monotonically decreases similar to the 4c sample.
The difference in the Zn/O ratio can be attributed to more pronounced surface oxidation during the annealing process after deposition in the case of 4c samples, because 4c samples exhibit a more developed surface topography in comparison to densely packed crystallites in 1c samples. The more ''open'' structure of 4c samples favors oxygen uptake from the atmosphere. A second contribution may be the partial dissolution of the previously deposited layer when applying several layers consecutively, thus resulting in a gradient of the Zn concentration. The decrease of the Zn/O ratio towards the substrate is caused by substrate contributions and an overall decrease in intensity of O 1s and Zn 2p.
Overall, an atomic Zn/O ratio of B2 is obtained in the center of the film, which is far from the expected value of 1 for stoichiometric ZnO. This observed difference can only be explained by defects, and will be discussed in Section 3.2.2.
3.2.2 Electronic structure of the ZnO films. Detailed analysis of the valence band and Zn 3d energy region (0-15 eV binding energy) of the XP spectra and additional application of UPS allowed for the description of the ZnO electronic properties. Because the ion etching depth profile was obtained only for XPS, the UPS information should be treated here as a starting point for relating exactly XPS energies to the Fermi level. XPS and UPS have different depth of information, because of different photoelectron escape depths for different excitation energies. According to the Seah-Dench diagram, 50 while the UPS yields a photoemission signal from a few nanometers, XPS gives information down to 10 nm. Hence, different surface and layer's interior species contribute differently to the overall signal.
Considering that Fermi levels of the analyzer and the investigated sample are equal, one can determine the energy difference between the Fermi level and the valence band onset E F À E V , work function j, and ionization energy F. Fig. 7a and b presents the magnification of the high energy cut-off and low energy onset of the UPS spectrum recorded for samples 1c and 4c. The intercept of the background line with a linear approximation of high energy cut-off taken between 1/3 and 2/3 of the cut-off's maximum intensity allows the determination of the surface work function of examined samples according to 51 where hn is the excitation energy (here 21.22 eV) and E cut-off is the interception point. The obtained work function values were j = 3.32 eV and j = 3.18 eV (uncertainty 0.05 eV) for samples 1c and 4c, respectively. Next, the ionization energy was determined as 51
where E F À E V is the energy difference between the valence band onset and the Fermi level position (Fig. 7b) . The values of E F À E V were determined to be 3.05 eV and 2.85 eV for samples 1c and 4c, respectively. Hence, the ionization energy is equal to 6.37 eV for 1c and 6.07 eV (uncertainty 0.07 eV) for the 4c sample.
The values of the work function are considerably smaller than 3.74 eV obtained on layers grown by radio frequency magnetron sputter deposition. 52 On the other hand, our values are quite consistent with the values obtained for (0001)ZnO Zn-terminated surfaces annealed at 700 K. 53 With this input from the UPS data, the depth dependent XPS measurements from the valence band region were analyzed. E F À E V values were determined from examined samples as a function of layer thickness. Simultaneously, the Zn 3d peak position was analyzed. Fig. 8 presents high-resolution valence band spectra recorded for sample 4c for different etching depths. The Zn 3d XPS peak is well visible as well as the valence band onset.
The region of energies between 6 and 8 eV corresponds to O 2p, C 2p and Si 3s levels and due to their surface sensitivity in the XPS method they are not considered for further analysis. A binding energy of 0 corresponds to the Fermi level position. It can be clearly seen in the spectra that the onset of photoemission consists of more than one component. For a direct quantification, the band needs to be decomposed. In the presented spectra, three distinct contributions can be observed (marked as I, II and III in Fig. 8 ). Component (II) is detectable up to an etching depth of 15 nm and is attributed to defect-related energy levels in the band gap of the zinc oxide layer. Component (III) is related to the substrate-induced distortions of the ZnO electronic structure.
Each of the components introduces distortions of the energy difference E F À E V . The E F À E V values as a function of ion etching depth determined for the three components are presented in Fig. 9 . Dependent on the depth that is probed by XPS, the mutual relation of the components affects the overall E F À E V energy difference. The synergy effect can be described using an equivalent component for the valance band representation. Hence we construct such a component with the area equal to the sum of the particular component areas and position which is the weighted mean of the respective positions (we use components I, II and III areas as weights). The onset of the equivalent component determines the resulting E F À E V energy distance (full black circles in Fig. 9 ).
The resulting E F À E V value changes from 2.8 eV to 3.3 eV in the range of the first 18 nm from the sample surface. The component (II) contribution is detectable up to 15 nm from the surface, while component (III) starts to appear in the spectra from 15 nm. Component (I) is present from the initial surface up to B22 nm. At this depth, the resultant E F À E V value drops significantly to the value of 0.6 eV consistent with the weakly doped n-type silicon substrate (in comparison to 0.56 eV for intrinsic Si 54 ). The overall thickness obtained in this ion etching experiment is consistent with the thickness obtained by ellipsometry. The analogous analysis performed for sample 1c shows an initial increase of E F À E V from 3.0 eV at the surface to 3.2 eV at the depth of B4 nm (not shown in the figure). Then the value stabilizes and drops rapidly down to the substrate-related value of 0.6 eV. The changes in the electronic structure occur at similar depths as changes in the Zn/O ratio are observed (Fig. 6b) .
The inset of Fig. 9 shows the Zn 3d peak position as a function of depth. The changes, within the accuracy of the method, follow the valence band position changes with respect to the Fermi level.
For a comprehensive description of the depth-dependent ZnO electronic structure, determination of the vacuum level as a function of ion etching depth is necessary. For this purpose, SKP measurements were performed. Fig. 10 shows the change in the contact potential difference (CPD) between the SKP tip and the 4c sample surface. The measurement was done on the crater etched by the Ar + ions during XPS ion etching depth profiling. The tip of the SKP probed the edge of the crater from an intact layer towards the silicon substrate. Although the obtained potential values are given with respect to a different reference than those obtained using the photoemission methods, the voltage differences are equal to changes in the work function Dj, i.e. the energy difference between the Fermi level E F and the vacuum level E V . For sample 4c, Dj equals 0.20 eV with the trend following the E V and Zn 3d changes. The observed difference shows a drop in the vacuum level which causes a lowering of the work function towards deeper regions in the ZnO layers. The same analysis made for sample 1c (not shown) revealed Dj B 0.10 eV. The SKP analysis was followed by carrier concentration calculations. We determined the value of negative carrier concentration n in ZnO as 55
where N c is the effective density of states in the conduction band, for ZnO N c = 3.7 Â 10 18 cm À3 , 56 k is the Boltzmann constant and T is the absolute temperature, here 300 K. The energetic distance, E F À E c , is calculated as the difference between the ZnO band gap E g = 3.37 eV 33 and the value of E F À E V received from XPS measurements of the valence band region. Fig. 10 shows depth-dependent carrier concentration for samples 1c (full circles) and 4c (triangles). The carrier concentration graph shows significant differences between samples 1c and 4c. In the case of sample 1c, the carrier concentration changes within the first 3-4 nm starting from the sample surface and then stabilizes at a level of 10 16 cm À3 . The depth levels at which changes are observed agree with those in the Zn/ O ratio plot (Fig. 6b) . Sample 4c exhibits a gradual carrier concentration change within the first 10 nm and then stabilizes at the level of 10 18 cm À3 . The drop in the carrier concentration for the last point is due to layer-substrate interaction and discussed earlier as caused by signal overlap of the XPS signals used for calculating the values presented here. The data in Fig. 10 highlight the differences between samples 1c and 4c in chemical composition and electronic properties. It also clarifies the differences between regions near the surface and regions inside the thin film for both samples.
All data determined above were gathered and utilized to construct a band-like energy structure diagram of spin-coated ZnO layers which is shown in Fig. 11 . The diagram was drawn for sample 4c, because the depth-dependent chemical and energy changes are not so pronounced in the case of thinner, more uniform and compact sample 1c. Analyzing the energy levels in the ZnO layer, three different regions can be distinguished. They are denoted, starting from the surface side moving towards the substrate, as n, n + , and oxide/substrate interface. The naming of the first two regions originates from different electronic properties describing zinc oxide in that particular region.
Starting from the surface, the n region extends 10 nm deep into the ZnO layer. Within this region, the energy levels are altered, which is manifested by the significant (B0.5 eV) band bending of the valence and conduction bands in comparison to the next region, denoted as n + . The Zn 3d core level follows this trend. With the band bending, the work function decreases by 0.2 eV.
Within the n region, there is a considerable variation of the Zn/O ratio from 1.7 to 2.1, as oxygen uptake occurs from the surface towards the interior of the ZnO layer. Oxygen from the ambient atmosphere may be incorporated into the layer from the surface region (n) during annealing. Alternatively, water vapor may adsorb after annealing. The defects introduce additional states in the band gap below the Fermi level, which alter the valence band position and consequently E F À E V . They also improve stoichiometry at the sample surface reducing the Zn/O ratio.
The n + region is characterized by a significantly higher carrier concentration and the relatively small separation between the Fermi level E F and the bottom of the conduction band E C . In this region, ZnO tends towards a metal-like electronic structure. The origin of this variation is most likely the increase of oxygen vacancy concentration towards the interior region of the zinc oxide film.
Looking at the direction of the band bending, one expects charge carrier depletion in the n region. Recalling the results shown in Fig. 10 one can see that excess carrier concentration is considerably lower in the n than the n + region.
However it has to be remembered that the photoemission signal, which is the main basis of the constructed diagram, comes from the so-called XPS information depth, which can be up to 10 nm. In these terms the different energetic states have their contribution to the overall photoemission signal. It means that the states decreasing the carrier concentration (states rather close to the surface) and states increasing the carrier concentration (more distant from the surface and bulk-related) are simultaneously observed in photoemission spectra giving the combined effect. 60 The states are characterized by different intensities. Consequently, the states which are present in the ZnO spectrum must have a competitive nature. 61 On the one hand, the states should be of donor-type due to increased accumulation in the n + region, while on the other hand, lowering the number of excess carriers in the n region suggests the existence of states with acceptor-like or trap nature.
A possible explanation for this situation is considering a pairing of oxygen and zinc vacancies (V O and V Zn respectively). Although the layer is strongly oxygen deficient throughout, with the increase of oxygen deficiency towards the layer interior, the competing zinc vacancies introduce the acceptor states. Simultaneously, due to the existence of V O and V Zn together, the native ZnO structure has to be significantly deformed. This deformation might introduce additional trap levels which alter the photoemission experiment, indirectly changing the carrier concentration distribution pattern. Hence, from the experimental point of view, at the surface, three different and mutually competing energy states are present as one group. Therefore, we propose to treat them as one group of acceptordonor-trap states (referred to as ''ADT'' states).
The individual states of different nature were described with their energy levels. 62 As a result, Zn vacancies should be treated as deep acceptors with the three possible charge state configurations, V 0 Zn , V À Zn and V 2À Zn . V Zn has the lowest formation energy among the native point defects in ZnO; hence it is expected to be the dominant point defect class. Generally, the absence of a Zn atom in the ZnO lattice should leave four oxygen dangling bonds with six electrons. As stated in ref. 33 , dangling bonds can combine into doubly occupied symmetric states located deep in the valence band, and three almost degenerate states in the band gap close to the top of the valence band. In our situation, the latter states are the center of attention, because the states can easily accept two additional electrons (they are partially occupied by four electrons 33 ) altering the electronic structure in the band gap. The ADT state donor part is connected with the oxygen vacancies. Such vacancies have, among the donor defects, the lowest formation energy. 33 This low formation energy is caused by the Madelung potential, which is the main driving force for the localization of electrons in the place normally occupied by the oxygen anion in the ZnO structure. The replacement of oxygen by two free electrons in the defective lattice minimizes the energetic cost of the vacancy formation. 63 Free electrons have been observed in ZnO experimentally by electron paramagnetic resonance. 64 States associated with these electrons should act as shallow donors. 61, 65, 66 On the other hand, density functional calculations 67 have shown that V O leads to very deep donor states which cannot contribute to n-type conductivity. This statement is not consistent with our results. However, because the neutral V O is located at B1 eV below the bottom of the conduction band, 30 it can compete with the nearby acceptor states V Zn during photoexcitation of the sample affecting the photoemission experiment. Ionized vacancies like V + O are also deep donors, 68, 69 but according to the literature, V + O is not thermodynamically stable. 70 The state originating from the coordinatively unsaturated anion O 2À (ref. 71 ) may also be present as a donor state. Such anions may be introduced by the environment, e.g. from O 2 or water vapor.
The last component of the ADT states that remains to be discussed is the traps located in the band gap of ZnO. Such electron traps significantly affect the results of the photoemission experiment, and consequently the calculation of free carriers. The most probable are shallow electron traps ZnO corner (e À ) at morphological features like surface inhomogeneity. The more structured surface with column-like features observed for sample 4c (Section 3.1) hints in this direction, as less traps are expected for samples 1c with a more uniform surface. Similar morphology-related trap states were observed earlier. 72 Moreover, electrons can be entrapped in a localized cavity center of a missing O atom either from the interior region or from the surface of ZnO. 33 Hence, oxygen vacancies may be responsible for the observation of trap states.
Conclusions
The presented work shows preparation and characterization of extremely oxygen-deficient low-work function zinc oxide layers with a gradient of carrier concentration. The preparation uses an easy and cost-effective sol-gel process followed by spin-coating. Surface morphology can be tuned by the number of deposition cycles. Such layers can be applied in bulk heterojunction-based photovoltaic devices.
The sol-gel preparation technique permits control over the carrier concentration profile from the subsurface region towards the interior film depending on particular needs. This work demonstrates two radically different films: one with a significant carrier concentration gradient and the other with a homogeneous carrier distribution.
The observed band bending, together with the information on the composition, leads to the conclusion that several types of defects combine their properties to give a group with donor, acceptor and trap properties, which cannot be treated independently. The origin of such ''acceptor-donor-trap'' (ADT) states may be oxygen and zinc vacancies, morphology-induced trap states and surface states resulting from the interaction with an ambient atmosphere.
The sol-gel preparation technique offers still much wider opportunities for preparation than explored in this work. For instance, the column-like morphology observed for some films makes them candidates for applications in photovoltaic and nanoelectronic device preparation, e.g. in hybrid inorganic-organic electronic devices with p-type phthalocyanines. Addition of foreign components into the solution offers the opportunity to tune doping levels more precisely than shown here. While in gas phase processes, the variation of composition of a thin film is more straightforward to realize, the ease of solution techniques makes it worthwhile to take up the challenge of unraveling the interplay between preparation and electronic properties of the resulting films. The result may be a knowledge-based design with completely new properties in long-known materials.
